The benefits provided by natural (e.g., non-engineered) tundra wetlands for the treatment of municipal wastewater in the Canadian Arctic are largely under-studied and, therefore, undervalued in regard to the treatment service wetlands provide to small remote Arctic communities. In this paper we present case studies on two natural tundra systems which at the time of study had different management practices, in which one consisted of a facultative lake system continuously discharging into a tundra wetland, while the second system had wastewater discharged directly into a tundra wetland. We also examine the utility of the SubWet 2.0 wetland model and how it can be used to: (i) predict the outcomes of management options; and (ii) to assess treatment capacity within individual tundra wetlands to meet future needs associated with population growth and to help municipalities determine the appropriate actions required to achieve the desired level of treatment, both currently, and in a sustainable long-term manner. From this examination we argue that tundra wetlands can significantly augment common treatment practices which rely on waste stabilization ponds, by recognizing the services that wetlands already provide. We
Introduction
Arctic Canada, as well as numerous other polar regions, continues to undergo rapid change resulting from increased resource extraction, increased development and changing climate which has accelerated the melting of permafrost and polar ice. One particular concern of this is that the population growth in Arctic communities may outpace the development of the municipal infrastructure required to ensure effective treatment of municipal wastewaters and protection of local source waters. Within the Canadian Arctic many communities have for a long time relied solely on waste stabilization ponds or facultative lakes as the main process for the treatment of wastewaters. Waste stabilization ponds have been applied in the Canadian Arctic for decades [1] . The original intent of many Arctic systems was focused on waste disposal as a management technique, rather than wastewater treatment [2] . The focus on waste disposal has also been common in many other Polar Regions, as described by Gunnarsdottir et al. and Ritter [3, 4] . The use of ponds and facultative lakes arose primarily in response to the remote nature of these communities, harsh climates, small population sizes and the logistical and technical barriers that hinder the application of mechanical treatment systems more typical of developed regions in southern Canada. In contrast to ponds/lakes, tundra wetlands have been generally viewed as providing little to no treatment benefit, leading to concerns that the release of untreated or partially-treated wastewaters into a natural environment may pose a human health risk [5] . Wetlands located downstream of the waste stabilization ponds have, in many cases, developed in response to the release of nutrients and organic matter exiting the ponds, which has in turn provided the conditions conducive to the growth and establishment of natural vegetation [2, 5] . Hence, many tundra wetlands did not arise because of any intentional design on the part of waste managers and thus cannot be considered akin to engineered (e.g., constructed) wetlands in terms of design features.
The remote setting of the Arctic communities often presents significant logistical challenges to investigating and monitoring the performance of tundra wetlands and because of this, relatively little scientific documentation exists that assesses the efficacy of these natural areas to treat domestic wastewaters. Likewise the data regarding the performance of individual waste stabilization ponds and facultative lakes has also been generally sparse or non-existent [6] [7] [8] [9] , although there is a recent trend of increasing surveillance because of the Canadian Council for the Ministers of the Environment's new national standards. Tundra wetlands located downstream of waste stabilization ponds or those connected with facultative lakes have always been considered as part of the receiving environment and not part of the treatment process. The exploratory research by Yates et al. [10, 11] has demonstrated that although tundra wetlands are not formally recognized as part of the treatment process they do in fact provide a significant additional treatment benefit [10, 11] . Yates and colleagues assessed the wastewater treatment potential of several tundra wetlands located downstream of primary treatment facilities over an entire ice-free period [10, 11] . Apart from these investigations there are relatively few studies that have matched the scope of this tundra specific work. Most of the previously collected information related to the predictive aspects of wetland size and anticipated cold climate treatment performance is found in the unpublished sources literature. However, most of the unpublished sources literature provides little guidance regarding treatment process reaction rates, management strategies or predictive tools for assessing the capacity of existing tundra wetlands to meet the needs of expanding populations [5] .
It should be understood that tundra wetlands used for the treatment of municipal wastewaters are fundamentally different from engineered (constructed) wetlands that are used for the same purposes. The use of constructed wetlands in tropical and temperate regions is gaining recognition as a viable, low cost passive treatment system [12] [13] [14] [15] [16] [17] . Constructed wetlands, as their name implies, refers to wetlands that are man-made and designed to specific dimensions, porosity, flow paths, hydraulic retention times, and related design features for the intended purpose of achieving predetermined levels of treatment [12, 13, 18] . The science regarding treatment processes, reaction rate constants, soil porosity, hydraulics, design options and management practices has been thoroughly investigated in the last two decades and is well documented [19] [20] [21] [22] [23] [24] [25] [26] .
In contrast, tundra wetlands are significantly different in several aspects. First, tundra wetlands have developed through natural processes and have not been specifically designed to meet a desired performance characteristic. Each tundra wetland is unique and very little is known about site specific hydrology, porosity, soil types and depth, flow paths and other key parameters influencing wastewater treatment. For example, vegetative boundaries are relatively easy to identify, however it is difficult to know the subsurface flow paths that the wastewater travels and how these may change seasonally or annually and thus it is difficult to determine what portions of the wetland are actually involved in the treatment process. Likewise, soil types and depths are not homogeneous and unlike constructed wetlands it is difficult to gather information on many of the physical parameters required to make predictions regarding treatment performance. Lastly, the scientific understanding of treatment processes has largely been generated from constructed wetlands operated in tropical or temperate regions, unlike in the harsh northern environmental conditions where tundra wetlands freeze solid for a significant portion of the year.
Climate change presents public health risk uncertainties and thus the management of wastewater in remote communities requires rational predictive models of performance comparable to southern counterparts particularly as populations continue to increase in many Arctic communities in Canada and worldwide. In this paper, we outline sizing, define reaction rate constants, and demonstrate a predictive model (SubWet 2.0) that can be used by stakeholders for the operation of tundra wetlands for the treatment of municipal wastewaters. SubWet 2.0 is applied to two existing Canadian Arctic tundra wetlands, Paulatuk, Northwest Territories and Chesterfield Inlet, Nunavut based on data collected from Yates et al. [10] and Yates et al. [11] . In this application we discuss corresponding post-design management strategies and estimate system longevity, as well as discuss the potential for the inclusion of wetlands as part of an integrated wastewater treatment strategy for cold climates in northern Canada.
Because of the logistical challenges in gathering the type of information described above, most regulatory agencies have tended to view the tundra wetlands as unknowable and unpredictable and therefore of little use as part of a formally recognized wastewater treatment strategy. The focus of this paper is to: (i) highlight the treatment benefit many tundra wetlands are currently providing; and (ii) describe how the SubWet 2.0 wetland model can provide a predictive tool to help managers and regulators in the assessment of management options.
Readers desiring to know more about the design parameters of the SubWet model are directed to Foundations of Ecological Modelling (4th Ed.) edited by Sven Erik Jørgensen and Brian D. Fath [27] . Chapter 7.6 of this edition profiles the SubWet model and provides an in-depth description of differential process equations, default parameters, forcing functions and output parameters. The SubWet model was originally designed by Sven Jørgensen and colleagues as part of the Danida project, promoting cooperation between Copenhagen and Dar es Salaan University in Tanzania. Software for this model was later developed by the United Nations Environmental Programme, International Environmental Technology Centre (UNEP-IETC), so that it could be used in developing countries to design subsurface flow constructed wetlands for the treatment of domestic wastewaters. In 2009, the SubWet model was further developed by Sven Jørgensen and the Centre for Alternative Wastewater Treatment, Fleming College, Canada for use with natural tundra wetlands of the Canadian arctic.
Methods
Two tundra treatment wetlands located in Arctic Canada have been chosen to demonstrate how SubWet 2.0 can be employed to simulate different scenarios in the management of municipal wastewaters. The tundra wetlands located near Chesterfield Inlet, Nunavut and Paulatuk, Northwest Territories have been selected for this purpose since both communities are similar in population size, climate and wastewater discharged per day, as well as the relatively isolated nature of their treatment tundra wetlands which makes them easier to model. The main difference between these two sites was that the raw wastewater was not pre-treated prior to being released into the Chesterfield Inlet tundra wetland, whereas in Paulatuk, the wastewater was pre-treated by first discharging the raw wastewater into a natural lake (facultative lake) which subsequently drained into the Paulatuk tundra treatment wetland.
Site Descriptions

Chesterfield Inlet, Nunavut
Chesterfield Inlet, Nunavut (63°20′ N, 90°42′ W), located on the western shore of Hudson Bay, is situated on continuous permafrost and receives an average annual precipitation of 14.6 cm rainfall and 112 cm snowfall (Figure 1 ). At the time of study the population of the community was approximately 313 residents [10] . The annual mean ambient temperature is −11 °C, with a mean summer temperature of 9.4 °C [28] . The mean summer high is 13.1 °C with a mean low of 4.6 °C [28] . The average soil porosity in the tundra wetland has been estimated to be 27% and the dimensions to have a width ranging between 58 to 225 m and a maximum length of 720 m and an approximate size of 5 hectares [10] . Yates et al. characterized the vegetative community to be dominated by sedges, graminoids and shrubs, such as Carex aquatilis, Arctophila fulva and occasional stands of Salix arctophila lining preferential flow channels [10] .
At the time of study only a shallow natural depression slowed the wastewater before it entered the Chesterfield tundra wetland, with minimal pre-treatment occurring in this small depression. Yates et al. estimated that approximately 36 m 3 was discharging directly into the wetland per day [10] . Since tundra treatment wetlands are not engineered systems, no design loadings exist. A single preferential flow path exited the depression and allowed wastewater to flow down the wetland through a series of preferential paths and some sheet flow. The wastewater discharged into the ocean at one primary location. However, diffuse subsurface flow of treated wastewater was likely possible. The 2010 water license permits the community to discharge wastewater at concentrations of 80 mg/L for cBOD 5 , 100 mg/L for total suspended solids, and 1 × 10 4 cfu/100 mL for fecal coliforms [29].
Yates et al. observed a mean influent for cBOD 5 . Late in 2010, a waste stabilization pond was designed and built to replace the natural depression, thus providing some primary treatment with respect to sedimentation and biological activity to the wastewater prior to its entry into the tundra wetland. The data used in the case study presented here represents conditions prior to the construction of the waste stabilization pond in late 2010. 
Paulatuk, Northwest Territories
The community of Paulatuk (69°21′05″ N 124°04′10″ W) is located on the Amundsen Gulf of the Arctic Ocean (Figure 1) . At the time of study the population of the community was 311 residents [30] . The community of Paulatuk utilizes a large natural lake as a facultative lake primary treatment system followed by a tundra treatment wetland. Wastewater from households and businesses is trucked and discharged into the facultative lake. The average annual ambient air temperature for Paulatuk is −9.2 °C, The mean high and low temperatures in July are respectively 13.3 °C and 4.9 °C. In January, the mean high and low temperatures are −21.2 °C and −28.1 °C [31] .
In 2007, the annual discharge of wastewater into the facultative lake was estimated to be approximately 11,200 m 3 (or 31 m 3 /d) [11] . The facultative lake was also estimated at this time to have a volume of 103,000 m 3 [32] . There is a single preferential flow path and several nondescript flow channels from the facultative lake to the Arctic Ocean discharge point [11] . They also estimated that 1.3 m 3 /day was discharging from the wetland when primary treated wastewaters were continuously flowing into the wetland during the ice-free period.
Yates et al. characterized the wetland as wet-sedge tundra, dominated by Carex and Poa spp [11] . Low lying hills from relic ocean bottoms surround the treatment area. Mineral soils underlie the wetland, composed of various coarse sands and gravels. Yates et al. found that the mean influent from the facultative lake had a concentration of cBOD 5 
Data
The data used to form the case study scenarios were collected by Yates et al. and Yates et al. [10, 11] . Data in both study areas were collected in the summer/fall of 2009. Data consisted of both surface flow samples and subsurface samples. As per Yates et al. the research group sampled from 41 sites in the Paulatuk treatment wetland, and 34 sampling locations in Chesterfield Inlet [11] .
Each sample was either shipped within 24 h to an ISO 17025 accredited laboratory and processed using Standard Methods for the Examination of Water and Wastewater [33] , or processed using standard methods at a mobile laboratory operated by the author's research team. Parameters analyzed where cBOD 5 , NH 3 -N, phosphorus and nitrate. SubWet 2.0 does not have a predictive function for solids; however, solid removal is considered within various coefficients values.
SubWet 2.0
The SubWet model is a user friendly software package designed to simulate the treatment of wastewater within subsurface horizontal flow artificial wetlands. This model was originally developed by the United-Nations Environment Programme-Division of Technology, Industry and Economics-International Environmental Technology Centre (UNEP-DTIE-IETC). The model is distributed as free-ware by the United-Nations and can be found on the home web page for UNEP-IETC. SubWet was developed for warm climate applications and after being successfully used as a design tool in 15 cases in Tanzania, it was upgraded for use within cold climates for both artificial and natural treatment wetlands. The Centre for Alternative Wastewater Treatment of Fleming College worked in collaboration with Jørgensen, the originator of the model, and UNEP-DTIE-IETC to develop SubWet 2.0 which is designed for cold climate conditions including summer Arctic and temperate winter conditions. The model simulates the removal of organic carbon (e.g., cBOD 5 ), nitrogen (e.g., nitrogen in ammonium, nitrate and organic nitrogen), and phosphorus in milligrams per liter and the corresponding removal efficiencies in percentage. The model employs 25 differential process equations and 16 parameters (e.g., rate coefficients such as the temperature coefficient of nitrification) as described in Jørgensen and Gromiec [27] . SubWet suggests default parameters for both warm climate and cold climate scenarios; however each parameter can be modified to improve the simulation for site specific conditions. The design input values of the model are used to specify the wetland width, length, depth, slope, % particulate matter, precipitation factor, hydraulic conductivity and selected flow rate (in cubic meters per day). The forcing functions outlining the operational parameters include wetland volume, flow of wastewater, porosity, average oxygen concentration, average temperature, the input of cBOD 5 , ammonium, nitrate, total phosphorus, and organic nitrogen along with the fraction of cBOD 5 , phosphorus, and organic N as suspended matter. The model calculates the simulated output values for cBOD 5 , nitrate, ammonium, total phosphorus and organic nitrogen. The procedure use to calibrate SubWet 2.0 to site conditions has been outlined by Chouinard et al. [34] . In brief, the calibration is achieved by comparing wastewater effluent concentrations measured exiting the wetland site (in situ) and comparing these measured concentrations against the simulated concentrations generated by the SubWet 2.0 model. Rate coefficients (referred to as parameters in the SubWet model) are then selectively adjusted (within defined limits) to bring simulated values closer to measured values. Thus the model is calibrated to each individual wetland and calibration can take place only when measured data exists. The measured data used for the calibration of the wetlands was provided from the previous work by Yates and colleagues [10, 11] . It should be noted that the cold climate default rate coefficients embedded within the cold climate operations mode of SubWet do provide simulated output values that are generally within approximately 25% of the measured values for most wetlands we have investigated. The calibration procedure as outlined by Chouinard et al. [34] generally reduces the difference between measured and simulated values to approximately 10% or less. The work by Chouinard et al. [34] also provides a step by step overview in how the SubWet model is operated.
Case Study Scenarios
The following analysis depicts a number of hypothetical scenarios that wastewater managers could be presented with during the operation of waste stabilization ponds discharging to tundra wetlands. These hypothetical scenarios are intended to illustrate the ways SubWet 2.0 can be used to simulate how tundra wetlands could be expected to respond within a hybridized treatment process that involves both the waste stabilization pond and the augmentative treatment provided by the natural tundra wetlands.
The harsh cold of Arctic Canada can slow the microbial treatment processes occurring within the waste stabilization ponds. As such, the detention times of wastewaters within these ponds are typically longer than what is required in warmer climates. With age, the holding capacity of the northern stabilization ponds can decrease from the accumulation of sludge. The accumulation of sludge and population growth (e.g., increased generation of wastewater) could mean that in some communities wastewater managers must seek new treatment strategies (e.g., alteration to wastewater holding times within stabilization ponds). SubWet 2.0 can be used to explore how the treatment wetland may respond to different scenarios involving the treatment of altered wastewater concentrations, volumes and required wetland size needed to ensure effective treatment. In this way SubWet 2.0 can help wastewater managers to identify the scenarios that provide the best practices within a hybridized (pond/wetland) treatment system.
In this paper, we present the analysis of five different hypothetical scenarios to demonstrate how SubWet 2.0 can provide Arctic municipal wastewater managers with a tool to adapt to changing treatment conditions as well as the impact to treatment when wetland systems are altered. We will test: (i) the influence of pre-treatment at the Chesterfield Inlet tundra wetland; (ii) how pre-treatment enhances the capacity of the Chesterfield Inlet tundra wetland; (iii) the influence of seasonal changes in temperature at the Chesterfield Inlet tundra wetland; (iv). assessing how land development in the Chesterfield Inlet tundra wetland may impinge upon treatment capacity; and (v) assessing the treatment response of the Paulatuk tundra wetland to short term increases in wastewater strength and flow rates.
Results
Scenario 1: Influence of Pre-Treatment at the Chesterfield Inlet Wetland
At the time of study the raw wastewater received no pre-treatment prior to entry into the Chesterfield tundra wetland [10] . Because of this, the strength of the wastewater could be considered high (e.g., cBOD 5 = 207 mg/L); however, these concentrations have been found to be characteristic of many Arctic communities. In contrast, the wastewater generated from Paulatuk underwent primary treatment within the facultative lake prior to discharge to the wetland [11] . As such the concentration of the wastewater entering the Paulatuk tundra wetland was much lower (e.g., cBOD 5 = 40 mg/L) [11] relative to the wastewater entering the Chesterfield tundra wetland.
In this scenario we examine how the installation of pre-treatment prior to the tundra wetland would impact wastewater treatment at Chesterfield Inlet. Quantifying the magnitude of enhanced performance would be helpful to managers in performing a cost-benefit analysis. In order to accomplish this assessment, SubWet 2.0 was programmed with all the physical parameters of the Chesterfield Inlet tundra wetland; however, the strength of the wastewater entering the wetland was representative of the lower concentrations of effluent found entering the Paulatuk tundra wetland after pre-treatment in the facultative lake. Table 1 summarizes the concentration of the raw wastewater entering the Chesterfield tundra wetland and the measured concentration of the treated wastewater as it exits the wetland with similar parameters also summarized for Paulatuk within Table 1 . The mean measured water temperature for the Chesterfield Inlet and Paulatuk tundra wetlands are approximately 7.5 °C and 13.3 °C, respectively.
Based on the scenario of installed pre-treatment for Chesterfield Inlet, the treatment performance of the tundra wetland is enhanced. Table 2 shows that both cBOD 5 and ammonium are reduced significantly from 10.5 to 5 mg/L and 1.1 to 0.1 mg/L, respectively. Table 1 . Measured influent and effluent concentrations observed at both the Chesterfield Inlet and Paulatuk tundra wetlands. The influent entering the Chesterfield Inlet was not pre-treated, while the influent entering the Paulatuk tundra wetland had undergone pre-treatment in the facultative lake immediately upstream of the wetland. 
Scenario 2: Effect of Pre-Treatment on Chesterfield Inlet Wetland
In the first scenario it was illustrated that pre-treatment of the raw wastewater prior to release into the Chesterfield wetland resulted in lower concentrations of wastewater parameters in the treated wetland effluent. In this second scenario we examine how much more wastewater (pre-treatment values) can be passed through the wetland before cBOD 5 exiting the wetland becomes higher than the regulatory standards for southern Ontario. At this time standards have not been set for Canada's Far North because of logistical and environmental issues [35] ; for this reason, southern standards at 25 mg/L for the parameters cBOD 5 and 1.25 mg/L for NH 3 -N at 15 ± 1 °C are used in this northern setting [36] . Table 3 summarizes the simulated wastewater quality parameters determined from increasing the flows by 3 to 5 times the current volumes. In theory, these results suggest that if the raw wastewater entering the wetland was pre-treated to reflect the primarily treated wastewater of Paulatuk then the Chesterfield tundra wetland may be expected to accommodate a 3 to 5 fold increase in wastewater volume generated from an increase in the population of this community.
Scenario 3: Seasonal Temperature on Treatment Efficiency
SubWet 2.0 can be used by wastewater operators to simulate the influence of temperature on the wetland treatment efficiency. This hypothetical scenario examines how the Chesterfield wetland can be expected to perform in the treatment of wastewater at two different temperature regimes, namely at a temperature of 7.5 °C and at 3 °C. 7.5 °C is the mean water temperature that was measured during sampling conducted in the summer and which was used to calibrate SubWet 2.0 for these scenarios. As shown in Table 4 , a decrease in temperature from 7.5 °C to 3 °C results in a poorer treatment of cBOD 5 , ammonium and nitrate but not phosphorus. Knowing how the wetland would perform under different seasonal temperature regimes could help managers to make more informed decisions regarding the best time for the decanting of effluents from waste stabilization ponds and what volumes the wetland could be expected to accommodate without exceeding key water quality parameter targets. Table 3 . Wastewater parameter concentrations exiting the Chesterfield Inlet tundra wetland under simulated increased effluent flows through the wetland. The mean observed temperature of 7.5 °C for the Chesterfield Inlet wetland was kept in this scenario. Table 4 . Simulated treatment response of the Chesterfield Inlet wetland (no pre-treatment) at the two different temperature regimes of 7.5 °C and 3 °C.
Scenario 4: Reduced Wetland Size
In the following scenario the SubWet model will be used to predict tundra wetland performance should land use factors alter the original size of the wetland; these factors could include the construction of a roadway through the wetland that impedes natural flow paths. In this scenario, the initial size of the Chesterfield wetland has been reduced by 35% by modifying the length of the wetland from 720 m to 468 m. In theory, this would also reduce the effluent holding capacity of the wetland from an estimated 15,000 m 3 to 9750 m 3 and the hydraulic retention time from 23 to 15 days (Table 5 ). Table 6 shows that with these changes SubWet predicts that cBOD 5 will rise to 21 mg/L, while the ammonium-N, nitrate-N and phosphorus treatment remain acceptable. The phosphorus concentration remains below 1 mg P/L and the nitrate-N is also very low due to the effective denitrification. Table 6 . Simulated treatment response of the Chesterfield Inlet tundra wetland after reducing the initial size by 35%.
Scenario 5: Response of the Paulatuk Tundra Wetland to Temporary Increases in Influent Volume and Concentration
In this scenario we use SubWet to predict how the Paulatuk tundra wetland may respond to a temporary fourfold increase in the volume and concentration of influent entering the wetland. In this scenario, the volume of influent has been temporarily increased for a one week period from 31 m 3 /d to 124 m 3 /d. Likewise over the same period of time the strength of the cBOD 5 has been increased from 40 mg/L to 160 mg/L and ammonium from 3.2 mg/L to 12.8 mg/L. SubWet predicts that during this one week period the hydraulic residency time decreases from 24 days to 6 days and that the concentration of cBOD 5 exiting the wetland slow rises from 1.5 to a maximum of 12.2 mg/L after a period of 141 days from the beginning of the increased flow and concentration. The concentration of cBOD 5 in the effluent gradually returns to a normal value of 1.5 in about one year after the overloading has ceased. In a similar manner, effluent ammonium peaks at 0.1 mg/L, and recovery to the pre-overloading value of 0.03 mg/L is achieved in 292 days. In this manner, SubWet can be used by managers to predict the impact on treatment performance that short term overloading may evoke if effluents from stabilization ponds need to be decanted prematurely to provide extra storage space for wastewater.
Discussion
Treatment Potential of Tundra Wetlands
The work by Chouinard et al. [34] , Balch et al. [37] and Yates and colleagues [10, 11, 38] have all clearly demonstrated the treatment benefits provided by tundra wetlands. Wastewaters intentionally released from waste stabilization ponds (e.g., decanted), unintentionally released as leakage from the detention berms of the ponds (exfiltration) or the natural releases from facultative lakes typically exhibited levels of carbonaceous biochemical oxygen demand (cBOD), total ammonia nitrogen (TAN) and microbial indicator organism E. coli and fecal coliforms that were higher than desired by territorial regulatory authorities [10, 11, 34, 35, [37] [38] [39] . The existing performance data from lagoon systems often does not meet municipal wastewater effluent standards set for southern Canada at 25 mg/L for both BOD and TSS [36] . It should be noted that the performance standards for Arctic Canada have yet to be determined. Treatment efficiencies associated with current strategies in northern settings (e.g., waste stabilization ponds, facultative lakes) can be variable. The facultative lagoon in Pond Inlet showed a minimum of 71 mg/L of BOD discharged during the decant into a wetland [39] . Data from a facultative lake in Paulatuk showed cBOD 5 as 27 mg/L being discharged into a wetland [32] . Miyamoto and Heinke reported reductions of biochemical oxygen demand (BOD) and total suspended solids (TSS) in lagoon effluent in an Arctic community [6] . In their study they summarized the treatment of BOD, TSS and fecal coliforms during the summer and winter of 1971. Summer median influent was reported at 195 ± 68 mg/L and effluent 40 ± 20 mg/L and winter median lagoon effluent at 51 ± 28 mg/L for BOD, TSS and fecal coliforms; a percent reduction of 80% and 71% respectively. Similar reductions were observed for TSS. Johnson and Wilson examined Northwest Territories and Nunavut lagoons and facultative lakes and reported percent reduction of BOD at 87% to 96%, and TSS in the range of 90% to 93% [40] .
Duko and Heinke have identified wetlands as a low-cost and energy-efficient treatment option for municipal wastewater in the Northwest Territories, Canada [5] . They suggested at the time that wetlands had not been used much for wastewater treatment in the Canadian Arctic because of the lack of adequate design criteria and performance data. Yet despite the apparent inadequacy of lagoon systems, wetlands still are not considered part of the treatment chain, and only a few sources from non-peer-reviewed literature exists describing design criteria [41] .
Management of infrastructure is often problematic in the Canadian Arctic; extreme temperatures, permafrost, and the remote nature of many of the communities severely limit many technologies [4] . However, a number of socio-economic factors also inhibit the use of these technologies as well. The socio-economic challenges are often related to a small pool of trained personnel coupled with high turnover rates, as well as a small tax base [3, 28, 29] . Given these apparent constraints, we believe that tools need to be available to on-site managers as well as consulting engineers, regulatory agencies, municipal planners and territorial water boards to allow them the ability to validate a technology and predict future needs as communities grow and regulations change. Natural tundra wetlands have been a reliable technology to manage wastewater to-date, despite a lack of detailed knowledge of their performance, or acceptance as part of the regulated treatment chain. As we have shown with the various scenarios tested through SubWet 2.0, wetlands provide the treatment potential required to meet potential stringent guidelines set by CCME in the near future for Arctic communities. In all scenarios, the current wetland systems tested show that they were all able to accommodate a reduction in wetland length, increases in flow, and various temperature regimes. The simulations also show that designs of new systems can include shorter wetland lengths when paired with appropriately sized facultative lakes and long-term retention lagoons to avoid spring freshets laden with semi-frozen untreated wastes. Evidence from other natural wetland systems outside of the arctic demonstrates that these natural systems have an ability to treat municipal wastewater and effluents and thus corroborate our findings [42] [43] [44] [45] [46] [47] [48] . Even in Arctic environments where nutrient and carbon cycling proceed at a slow pace for much of the year, assimilation and even treatment through natural processes are evident. Evidence of ecosystem response to nutrients in the Arctic wet tundra provides further detail that these systems can quickly assimilate small additions of nutrients and organic matter [49] [50] [51] [52] .
Conclusions
SubWet 2.0 has been calibrated for the extreme cold climate conditions of the Canadian Arctic. Simulated scenarios show that despite reducing wetland size, or increasing discharge volumes, as well as reducing temperature regimes, the tundra wetlands provide excellent treatment potential, both on their own, or as a integrated/hybridized system with either a lagoon or facultative lake. Early data by this research group also verifies that tundra wetlands have the ability to act as a low-cost solution to wastewater management in Arctic conditions. Most importantly, having tools such as SubWet 2.0 employed by managers allows them to make theoretically sound decisions by predicting future responses of the treatment system to increases in wastewater volume, or in designing the best system.
